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Role of calcium in the induction of cardiac
hypertrophy and myofibrillar disarray

Experimental studies of a possible cause of hypertrophic
cardiomyopathy
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SUMMARY The role of calcium in the pathogenesis of hypertrophic cardiomyopathy was
investigated experimentally. For this purpose the calcium antagonist verapamil and the calcium
ionophore A23187 were administered to pregnant rats together with triac in order to observe their
effect on triac induced myocardial disarray and hypertrophy in developing rat hearts. At a low
dose verapamil reduced both the level of disarray and hypertrophy, but a higher dose produced
hypertrophy when given alone. A23187 did not appreciably potentiate the actions of triac when
given in combination but when administered alone produced both disarray and hypertrophy.
Verapamil prevents the inward movement of calcium ions to the myocardial cell, whereas A23187
increases the inflow of calcium ions. The results suggest that the actions of triac in producing
myocardial disarray and hypertrophy are attributable to an increased concentration of intra-

cellular calcium.

Hypertrophic cardiomyopathy, in common with all
other cardiomyopathies, is of unknown aetiology.* It
has been established that myofibrillar disarray is
characteristic of hypertrophic cardiomyopathy,? and
it'is likely that other cardiac muscle abnormalities,
which permit firm morphological diagnosis,
develop subsequently. Quantifiable ultrastructural
changes, mimicking those seen in patients with
hypertrophic cardiomyopathy, can be produced in
the heart muscle of developing rats by administering
triiodothyroacetic acid during pregnancy.* This
model, which was developed from observations that
hypertrophic cardiomyopathy. can be associated
with covert or overt hyperthyroidism,’® has been
used to show that the deleterious effect of triac is due
to an increase in cell membrane permeability.” This
study therefore suggested that an increased entry of
calcium into the myocardial cells may be at least
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partly responsible for the abnormalities produced.

The calcium antagonist verapamil has been used
for the symptomatic treatment of hypertrophic car-
diomyopathy,® and some reports have suggested
that a reduction in hypertrophy may also take place.®
We report the results of experiments in which the rat
model was used to study the influence of verapamil
on triac induced disarray and hypertrophy. To elu-
cidate further the role of calcium in the pathogenesis
of these morphological changes the effects of the
ionophore A23187 were also examined.

Materials and methods

The experimental methods followed those described
by Hawkey ez al'® and Pearce etal.!' Virgin Wistar
rats were divided into 12 groups of three, mated, and
injected daily throughout pregnancy as shown in
Table 1. The hearts of randomly selected offspring
were analysed  histologically and electron-
microscopically at two and seven days after birth. A
coding system ensured that the observer had no
knowledge of a group from which the samples came.
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Table1 Drugs and their doses given to 12 groups of rats

Calcium in the induction of hypertrophy and myofibrillar disarray in developing rat hearts

Table2 Dezails of pregnancies in rats

Group Treatment Dose

Group  No pregnant Mean litter size % live births
1 Bu.ﬁ'er 0-6ml 1 2/3 115 100
2 Tqac 60 ug 2 1/3 9 100
3 Triac 60 ug 3 3/3 107 100
Verapamil 1mg 4 0/3 — —
4 Triac . 60 ug 5 0/3 — _
chapamnl 2mg 6 1/3* 5 100
5 Triac 60 ug 7 2/3 9 100
Verapamil 4mg 8 1/3 12 92
6 Verapamil 4mg 9 1/3 17 100t
7 Buffer 0-6ml 10 1/3 9 100
8 Tr!ac 60 ug 11 3/3 77 85
9 Triac 60 ug 12 3/3 103 941
A23187 15ug
10 X;;lcw %ﬁg *One additional rat was pregnant but died on day 20.
11 Triac 608 tAll were born alive but died within 24 hours.
A23187 60ug $In one litter, eight out of 11 were born alive but died within 24
12 A23187 60 ug hours.
the free acid. The powder, 10 mg, was dissolved in
1 ml ethanol with the aid of ultrasonic agitation, and
DRUGS this stock solution was stored in the dark at room

Triac (diethanolamine salt of triiodothyroacetic
acid, Sigma) was dissolved in glycine buffer, pH 10,
at a concentration of 100 ug/ml in water for injec-
tions. Verapamil HC1 (Abbott Laboratories) was
supplied as a powder and made up to a concentration
of 2-5 ug/ml in water for injections. These two solu-
tions were stored in the dark at 4°C. A23187 calcium
ionophore (Calbiochem-Behring) was supplied as

temperature. For injection (on each day of injec-
tion), an aliquot of 50 ul was removed and added to
5 ml of rapidly mixing 5%, dextrose. The resulting
solution of 100 ug/ml was colloidal but was suitable
for injections.

HISTOLOGICALEXAMINATION
Histological examination was carried out on paraffin

Table3 Cell diameters of rats at two and seven days after birth

Group Drug|dose Mean cell SD p value p value
diameter (um)
2 days
1 Buffer 722 1-06
2 Triac 60 ug 8-20 1-11 <0-001*
3 Triac 60 ug + verapamil 1 mg 7-51 1-07 <0-01* <0-001t
6 Verapamil 4mg 807 1-22 <0-001* NSt
7 days
1 Buffer 8-41 1-12
2 Triac 60 ug 9-41 1-38 <0-001*
3 Triac 60 ug + verapamil 1 mg 8-56 1-41 NS* <0-001%
6 Verapamil 4mg 897 1-48 <0-001* <0-01t
2 days
7 Buffer 8-:00 1-22
8 Triac 60 ug 9-99 1-57 <0-001
10 Triac 60 ug + A23187 30 ug 9-77 1-41 <0-001 NS§
11 Triac 60 ug + A23187 60 ug 10-34 1-61 <0-001 NS§
12 A23187 60 ug 9-53 1-76 <0-001 NS§
7 days
7 Buffer 8-69 1-26
8 Triac 60 ug 9-98 1-63 <0-001
10 Triac 60 ug + A23187 30 ug 10-10 1-41 <0-001 NS§
11 Triac 60 ug + A23187 60 ug 10-51 1-55 <0-001 <0-001§
12 A23187 60 ug 10-41 1-62 <0-001 <0-01§
* g group 1.
1 v group 2.
} vgroup 7.

§ v group 8.
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mg). (Haematoxylin and eosin; original magnification x 400.)

embedded sections stained with haematoxylin and
eosin. The diameter of at least 200 cells from each
group was measured on a Projectina microscope.
These were measured across the point of a nucleus
in fibres that were in longitudinal section. The test
of comparison of means was used to compare cell
diameters from different groups of rats.

ELECTRONMICROSCOPY

Electronmicroscopy was used to evaluate

®)

Fig.1 Photomicrographs of the myocardium of 2 day old rats from (a) group 1 (control) and (b) group 6 (verapamil 4
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myofibrillar disarray and hypertrophy. Sections
were embedded in epoxy resin.and stained with lead
citrate!? and uranyl acetate. A score for disarray was
given as the total number of foci of disarray and
crossover observed in five squares of longitudinally
arranged fibres on a 200 mesh grid. The score for
hypertrophy was based on the number of mito-
chondria separating two sarcomeres of adjacent pat-
allel myofibrils: -2 was normal and scoxred 0; 3-5
scored 1-3.

Table4 Electronmicroscopy score for disarray in rats at two and seven days after birth

Group Drug|dose 2 days* 7 days*
1 Buffer 1 0 1 20 21 2 1
2 Triac 60 ug 8 7 9 11 8 4 6 14
3 Triac 60 ug + verapamil 1 mg 3 3 2 211 11 1 0
6 Verapamil 4mg ¥ 0 3 4 0
7 Buffer 2 3 3 2 00 0 1
8 Triac 60 ug 10 9 15 11 7 6 15 14
10 Triac 60 ug + A23187 30 ug 16 16 12 8 31 8 3
11 Triac 60 ug + A23187 60 ug 14 12 13 15 4711 9
12 A23187 11 16 13 12 1 3 8 1

*Scores for individual rats.
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Fig.2 Electronmicrograph of a 2 day old rat from control
and uranyl acetate, original magnification x 24 000.)

Results

PREGNANCIES

Table 2 shows the details of the pregnancies. Abnor-
malities were noted in all experiments in which vera-
pamil at more than 1 mg per rat was injected. The
pregnancy rate was low, and in groups 4 and 5 no
- rats became pregnant. In group 6 (verapamil 4 mg

alone) two rats conceived, but one died very close to

term. At post mortem examination two fully grown
fetuses were present. No. gross abnormalities were
found in either of the fetuses or in the mother. The
second rat in this group that became pregnant had a
smaller litter than normal. In the experiments with
A23187 only one rat from group 9 became pregnant,
producing a larger than normal litter of 17 offspring,
all of which died within 24 hours. All the offspring
from one of the rats in group 12 also died within 24
hours of birth.

LIGHT MICROSCOPICAL FINDINGS
The hearts of the two fetuses from the dead mother

; - R = .
group 1 showing regular arrangement of myofibrils. (Lead citrate
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in group 6 showed signs of autolysis, but no other
abnormalities were present. The heart of the dead
mother also appeared to be normal.

In both experiments triac increased the cell
diameters compared with the buffer control, as pre-
viously reported.#!°!! This hypertrophy was
significantly reduced, although not totally pre-
vented, by verapamil at 1 mg (Table 3). Verapamil
alone, at 4 mg, produced a similar degree of hyper-
trophy to triac alone (Fig. 1). Triac induced hyper-
trophy was not affected by the concurrent adminis-
tration of A23187 except in 7 day old rats that had
received A23187 60 ug with triac. In these the
degree of hypertrophy was significantly increased
(Table 3). A23187 also produced hypertrophy when
it was given alone.

ELECTRONMICROSCOPICAL FINDINGS

Table 4 shows the scores for disarray and crossover.
Regular arrangement of myofibrils (Fig. 2) predom-
inated in the buffer control groups, although a few
foci of disarray were found. The degree of disarray
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Fig.3 Electronmicrograph of a 2 day old rat from a triac treated mother (group 2) showing severe disarray of myofibrils and
myofilaments. (Lead citrate and uranyl acetate; original magnification x 19000.)

&,

%

was increased by the administration of triac (Fig.3). hypertrophy was noted in six out of 17 buffer control
When verapamil (1 mg) was given with triac the rats, but all hearts from the rats treated with traic
level of disarray was reduced to control levels at both  alone were hypertrophied to the same or to a greater
two and seven days. Verapamil alone (4 mg) had no  degree. Figure 4 shows an example of hypertrophied
effect. myocardium. Concurrent administration of vera-
When A23187 was administered with triac the pamil reduced the level of hypertrophy, but the
level of disarray was approximately the same as that  higher dose, given alone, produced hypertrophy.
when triac was given alone. Nevertheless, disarray When A23187 was administered with triac the
was also observed when A23187 was given alone, hypertrophy was unaltered. In the 2 day old rats
most prominently in the 2 day old rats. A23187 produced hypertrophy when given alone,
Table 5 shows the scores for hypertrophy. Mild and two rats at 7 days old from the group treated

Table5 Electronmicroscopy score for hypertrophy in rats at two and seven days after birth

Group Drug/dose 2 days* 7 days*
1 Buffer 11000 0100
2 Triac 60 ug 2212 11 21
3 Triac 60 ug + verapamil 1 mg 001101 0100
6 Verapamil 4mg 1 2 2 21
7 Buffer 0101 0010
8 Triac 60 ug 2132 11 21
10 Triac 60 ug + A23187 30 ug 2211 112 2
11 Triac 60 ug + A23187 60 ug 1 211 2101
12 A23187 60 ug 2111 1010

*Scores for individual rats.
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Fig.4 Electrcrograph of a 2day old rat fr a triac treated mother ( groupw
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2). The number of mitochondria separating

parallel sarcomeres indicates that hypertrophy is present (compare with Fig. 1). (Lead citrate and uranyl acetate; original

magnification x 12 000.)

with A23187 alone showed mild hypertrophy. The
reason for the discrepancy in this case between the
histological and electronmicroscopical findings is
not known.

Discussion

In the experimental model described here some dis-
array was observed at histological level, but the most
striking features were at the ultrastructural level.
Disarray by itself must, however, be interpreted
with caution. At one time it was considered to be
pathognomonic of hypertrophic cardiomyopathy,!3
but later reports from the same institute suggested
that it is merely a feature of ordinary hypertrophy.'*
More recent work has suggested that angulation of
the block during section cutting can alter results and
indicate the presence of disarray when there was
none and vice versa.!> The question of the
importance of disarray is still under dis-
cussion.'®” ! A summary of the subject states that
disarray, at both histological and electron-
microscopical levels, is indicative but not pathog-

nomonic of hypertrophic cardiomyopathy, and
additional features such as gross asymmetric hyper-
trophy of the left ventricle must also be present.!®
The process of disarray must, however, start some-
where, and these events will first become evident at
the electronmicroscopical level. Neither conclusive
disarray at the histological level nor hypertrophy at
the gross level has been produced by these experi-
ments, but in view of the severity of the disarray at
the electronmicroscopical level we consider it to
mimic that seen in hypertrophic cardiomyopathy in
man. Induction of disarray after administration of
triac to pregnant rats is an ideal experimental model
which lends itself to study of the pathogenesis of
disarray, the fundamental morphological expression
of hypertrophic cardiomyopathy.

Verapamil was first used in the treatment of
hypertrophic cardiomyopathy in man because
investigation of the hereditary cardiomyopathy of
Syrian hamsters showed that calcium uptake and
content were increased and that the metabolic and
anatomical abnormalities could be prevented by the
administration of verapamil, which blocks the
inward calcium transport across cell membranes.2°
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It was hoped that verapamil would decrease the inci-
dence of sudden death in human patients with
hypertrophic cardiomopathy. Long term follow up
now suggests that this aim has not been realised and
verapamil has been succeeded by other drugs such as
amiodarone.?! It is, however, still widely used clin-
ically particularly because of its reported actions in
reducing hypertrophy.® It is therefore important to
note the surprising finding that when the high dose
of verapamil was given alone to pregnant rats it actu-
ally produced cardiac hypertrophy in the offspring.

The possible role of hyperthyroidism in the
inception and development of hypertrophic cardio-
myopathy is unknown. Previous experiments, in
which triac was administered with DL or D pro-
pranolol,'°!! timolol, or procainamide,’ have estab-
lished that membrane stabilisation is the mechanism
by which triac induced disarray is prevented. It was
therefore suggested that the deleterious action of
triac is to increase the permeability of the myo-
cardial cell membrane, resulting in an influx of cal-
cium ions.

The aim of the first experiment reported in this
paper was to find out whether verapamil would pre-
vent disarray and hypertrophy, and it was found that
at the low dose both were reduced. It was therefore
considered unnecessary to repeat the experiment to
see if offspring were produced in the groups
receiving triac and the higher doses of verapamil.
The doses used were comparatively greater than
those used in man, and it is possible that the insult
was too great and eventually caused the death of one
of the rats in the high dose group.

The role of calcium has further been established
by the use of A23187. This compound is a divalent
cation specific ionophore that facilitates the passage
of calcium across cell membranes, thus raising the
level of intracellular calcium. When given alone this
compound had the same effects as triac in producing
disarray and hypertrophy. This may be a result of an
increase in contractility of the developing cell. The
heart in hypertrophic cardiomyopathy is in a hyper-
contractile state, and it is known that increases in
myocardial cell calcium content enhance myocardial
contractility.?? Furthermore, in heart muscle from
hyperthyroid dogs and rabbits microsomes with
enriched sarcoplasmic reticulum were found to
accumulate and exchange calcium at increased
rates.2324

Bearing in mind what has already been described,
it is likely that, in some patients, hypertrophic
cardiomyopathy may have a multifactorial
background—for example, a heightened sensitivity
to catecholamines or abnormal neural crest devel-
opment.2® Although the association of hypertrophic
cardiomyopathy with hyperthroidism, whether
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overt or covert, is rare, the effects of triac on devel-
oping rat hearts described above justify consid-
eration of the following mechanism. Triac has a
destabilising action on the cell membrane, resulting
in an influx of calcium ions, which produces an iso-
metric contraction such as that suggested by Bulkley
et al 2% This may lead to disarray, which, once estab-
lished, may be self-perpetuating.

The search for an animal model showing features
of hypertrophic cardiomyopathy at all levels of
investigation is continuing. Work so far has sug-
gested that an endogenous mechanism is likely to be
operating in some patients with hypertrophic car-
diomyopathy, and this experimental model has con-
tributed to the understanding of the pathogenetic
pathway involved.

We thank Mr B Baker, Royal Free Hospital, for the
preparation of solutions for injection and Abbott
Laboratories Ltd for the supply of verapamil. We
also thank Ciba Geigy Ltd for the financial support
of these investigations.
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